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Abstract : From the measurement of floating potential of plasma at four cross points, 
vertical and horirxmtal electric fields within the plasma column are deduced. A method is described 
to deduce the error magnetic fields from these measurements. It is concluded that the initial phase 
of the discharge is dominated by radially outward convective losses of electrons. The convection is 
-•1000 times faster than Rohm diffusion.
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1. Introduction
The loss of electrons during gas breakdown and current initiation in a tokamak plays an 
important role in determining the success of a discharge, formation of rotational transfonn, 
and ultimately, in achieving a maximum of plasma current for a given loop voltage. It is 
known that during the time preceding formation of rotational transform, the losses of 
electrons take place by convection. The mechanism of convection is, however, not well 
understood. The E xB  convection due to (i) space-charge field caused by curvature and VB 
drifts of electrons and ions [1], (ii) ambipolar electric field in the absence of any error 
magnetic field and toroidal plasma current [2] and (iii) space charge field due to vertical 
component of the error magnetic field in the vacuum vessel [3, 4] are the possible 
mechanisms. We report the results of experiment carried out on ADITYA tokamak and 
determine a possible mechanism of convective losses of electrons during the time preceding 
the formation of rotational transform.
2. E x p e r im e n ta l  re su l ts
The ADITYA tokamak has a major radius Rq -  0.75 m and a minor radius a = 0,25 m defined 
by a poloidal limiter, toroidal magnetic field B7«0.25 Tesla. The typical fill pressure is
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5x 1 0 -* Ton of hydrogen gas. We have mounted a set of four carbon-tip single Langmuir 
probes at four locations [R.Z = (bottom); R ,^ + a  (top); /?o-a. 0 (in); /?„ + a.O (out)] on 
a poloidal cross section. These probes are cylindrical (0=4 mm. / = 4  mm) and protrude S 4  
mm into the main plasma. In different discharges, the probes are operated in floating potential 
and ion-saturation modes. In addition, other routine diagnostics, such as Rogowskii coil 
and Voltage Loop, are also used.
We measure vertical and horizontal electric fields by recording the floaUng potentials of top-, 
bottom-, in- and out-probes and taking differences appropriately. Figure 1 shows the time
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Figure 1. Loop voiuge, plasma current, and floating potentUls measured at top-, bouoni-.in- 
and oot-Langmuir p n ^ s .  The vertical (EFVT) and horizonul ( EFHZ ) electric fields are 
determined by taking differences of floating potentials.
evolution of plasma current, loop voltage and the measured floating potentials in the top-, 
bottom-, in- and out-probes. The corresponding vertical (EFVT) and horizontal (EFHZ) 
electric fields are also shown. We have assumed the plasma/floating potentials to vary linearly 
within the plasma volume as observed in several tokamaks [4^ 5]. When we reverse the 
direction of toroidal magnetic field ( B j )  the direction of vertical electric field also reverses 
(data not shown).
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Figure 2 shows the effect of externally applied vertical magnetic field (fi,,) on the vertical 
electric field. The corre.sponding vertical magnetic field is shown in Figure (2b). The increase 
in the rate of rise of leads to reduction in the veittical electric field (Figure 2d) and incrca.se
in the plasma current (Figure 2c). For a dischar|e with peak plasma current of 6.5 kA 
without Bi? (solid line without symbol in Figures ^c and 2d), the required values of B  ^for 
|icak plasma current of 7.2 kA and llkA  are 20 ^auss and 58 Gaass respectively. We 
have also carried out experiment by reversing |he direction of B,,, and found that the
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Figure 2. Loop voltage, applied magnetic field (fl,5), plasma current (/ ,^), and vertical electric 
fields (EFVT). Solid lines without symbols in (c) and (d) represent shots without
discharge fails \ox B > 8 Gauss. We observe that the floating potential at all the tour probes 
are positive as measured with reference to the vessel ground (Figures la and lb). It indicates 
that the floating potentials are determined by electron deficit unlike Valovic [4J who observe 
both positive and negative charge accumulation. The positive floating potential of about 100 
volts has been observed in the outer region (r/a = 0,9 to 1) of the ISX-B tokamak [5]. From 
ihc floating potential measurement using heavy ion beam probe, they find the existence of 
negative potential well in the interior region of the discharge. Similar observation has been 
made in TEXT [6], PRETEXT [7], ST [8] and MACROTOR [9] tokamaks. In these 
tokamaks, the positive floating potentials in the outer region (r/ «  = 0.9 to 1) have been 
explained as that arising out of larger confinement time of electrons in the interior region 
compared to the electron confinement time in the outer region. If the negative potential well 
exists in the inner region, then, the vertical electric field determined by us (figure Ic) is the
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difference of electric fields directed from top and bottom to the centre of the plasma. The net 
electric field is directed from bottom-to-top in ADITYA when Ip and Br&n both clockwise. 
When the direction of By is reversed, the vertical electric field also changes sign.
3. Determination of error magnetic field
In tokamaks, the loss of electron due to curvature and grad-B drifts are typically an order of 
magnitude smaller than that due to error magnetic field [10]. It is jimssibie to estimate the 
value of error magnetic field (B,) from the observed loss rate by attributing the electron loss 
toBi using equation:
«t3jl -  dln(Ip)ldi = / 2aBf (1)
where a  is the Townsend coefficient and i9|| is the parallel velocity [10]. Here we have 
assumed the growth rate of electrons, 
dln(njldt -  dln(lp)ldt
which is valid in the early phase of ADITYA discharges. The maximum value of the loss rate 
(left side of eq. 1) are found to be in the range of (2 - 4) x 10^  s'*. Thus the characteristic loss 
times of (25-50) ps is 500 to 10(K) times smaller than the time of Bohm diffusion {cf /Dg) for 
an edge plasma temperature of 5 eV. The estimated value of B, is typically between 10 to 15 
Gauss. The estimate using cq. (1) is, however, the upper limit and need to be corrected.
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Figure 3. Eitimated values of error magnetic field (Bj), poloidal magnetic field (Bp) and 
equivalent total field (Bf+ B/,) at discussed in text The lower left and right figures show the 
measured EFVT for shot # 371 and # 519.
As mentioned before, the loss of electrons due to curvature and grad-B drifts is 
an order of magnitude smaller than that due to error magnetic field. In ADITYA discharges.
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the maximum of vertical electric fields is observed when the plasma current is typically in the 
range of 1 to 2 kA. Therefore, the hoop force also jiJays a significant role in the determination 
of convective losses and equilibrium formation. ”^ e  observed direction of vertical electric 
field (EFVT or E,) is from bottom-to-top for both ilrand fp direction being clockwise as seen 
from the top. This implies that the direction of is from top-to-bottom. The consequent 
convective loss is radially outward. i.e.. in the le direction as the loss due to hoop force 
(F*). Let B ft be the equivalent vertical magnetic fi< which can give the same hoop force 
( Ff t = Bf t ) .  Thus B, and Bft arein the same dii fion and hence B, + Bft determines the 
fate of the discharge in the absence of externally a; lied vertical field (B a)- Figure 3 shows 
Bxt Bf + Bft and poloidal magnetic field (Bp) a: ited with the plasma current for shot #
371 and # 519. In case of shot # 519 a verticil magnetic field. B^, hae been applied 
externally which is shown in Figure 2b. The corre|)onding values of EFVT are also shown 
in the Figure. Initially the value of Bft is negligible|md it increases with the plasma current. 
The beginning of poloidal mixing of space-charge is indicated by a maximum and then 
decrease in EFVT. We impose a condition thet B, + B* = Bp when poloidal mixing begins 
(i.e., at the time of peak in EFVT) and we obtain the correction factor to be applied on B,. By 
examining several ADITYA discharges, the value of B, is found to be between 5-10 Gauss. 
T husB ,/B 7is2x 10"^  to 4 x 10"^  which is slightly higher than in other tokamaks [3.11]. 
The condition for establishing a rotational transform is as follows: If Bp exceeds B, + B*. the 
rotational transfcxm is established. If B, + Ba is larger than Bp, the discharge may terminate 
or continue without' rotational transform being established depending on whether the 
difference between the two is greater or sm^ler than the critical error field necessary to 
terminate the discharge. The critical error field is estimated by equating the production rate 
(ao||) with the loss rate (OnB, / 2aB t)- In the case of rotational transform not being formed, 
the EFVT does not show the characteristic shaip fall. For all the shots in Figure 2, the value 
of B, is estimated to be about 10 Gauss. This estimate is about 3 times larger than that 
expected only from the current in the Ohmic transformer. The remaining contribution is 
assumed to be from mis-alignment of toroidal field coil with respect to the Ohmic coil and 
consequent open field lines.
The observed value of E, can be compared with the upper limit ( £ , )  obtained from the 
condition that the sum of the projection ofE,, and the toroidal electric field (£r) on the line of 
force is equal to zero (i.e., i9||k 0):
£ , = — £ jB t/B, (2)
For B, a 10 Gauss, we obtain E, = 10 V/cm. Thus the observed £ , is about 50 to 60% of the 
maximum possible. It should be mentioned Uiat vertical component of the Pfirsch-Schluter 
electric field [12] is about 50 to 100 times smaller than the observed E, in ADITYA. This also 
indicates the presence of laige error magnetic field.
B 5&6(4)
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The deduced value of Bt is within the maximum limit possible for a successful discharge. 
For a fill pressure of 5 x lO'* Torr and the loop voltage of 20 volts, the error magnetic field
necessary to terminate the discharge is about 17 Gauss. Our observation, that the discharge 
fails for an applied > 8 Gauss in opposite direction, is consistent with the deduction of 
B, = 5-10 Gauss in ADITYA.
4 . Role of limiter
In the above analysis, the existence of a metallic limiter is not explicitly taken into account. 
However, the fact that the discharge can be sustained for a duration several times largo’ than 
the resistive time of the vessel well ( - 2 m s )  indicate that the current flowing in the limiter 
may provide the necessary stabilizing effect fl3]. The vertical electron current flowing from 
the plasma to the limiter and back into the plasma is given by, = 2 tc Ro2ae ng 0^  where ng 
is the density at the gas breakdown and = ^JB-j-, is the vertical drift velocity.
Assuming rig -  10'”'m'^ , Ig is estimated to be 180 A to 360 A for flz = 5 to 10 Gauss. 
On the other hand the ion saturation current at the limiter 4  is estimated to be > 500 A.
According to Yoshikawa [13], the vertical electric field, in such case, should be of the order 
of kTg/2ae. However, it should be noted that during the initial phase of discharge (1-2 ms)
the energy distribution is non-Maxwellian and there can be significant population of energetic 
electrons.
The following analysis also indicates that the limiter is shorting the significant part of 
the vertical electric field: Combining the time derivative of the Poisson's equation,
8/8t{V .E  = p/E) 
with the continuity equation,
Sp/St+ V J = 0
we obtain,
8 £ / 5 t = - y / e
Here, the plasma permittivity, £. is assumed consant Writing the vertical charge current 
density, 7 ,»  7|| B,/Bt, we get
B,IBt = -( elJ^SEIdt (3)
where 7 = ncv. At low frequency, the plasma dielectric constant can be written as,
(e/£o) = l+36;rlOVi/fl^
where pi -  mini is the mass density. Assuming a maximum ion density of 10** m'^ , 
e - 3020eo. Our experimental data (Figure 4) show that dEldt is directly proportional to the 
plasma cunent upto /^ < 1 k A as expected from eq. (3). For the observed dEldt = 3x10*  
V/m/s,wegeiBg/Br* 2 x lO"®.
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The above analysis is similar to the one used by Bencsch et al [3] for calculating characteristic 
residence time of electrons under E x B convection due to the error Held. It should be noted 
that the continuity equation used in the above analysis does not take into account the short 
circuiting effect of the limiter (i.e, the short gircuit current back into the plasma). If we 
assume that our deduction of B,IBt of (2 - 4) x in section 3 is correct, the expected dE/dt 
should be 3 X 10* V/m/s. The observed dE^t is two orders of magnitude smaller than 
expected. This can be attributed to the fact that|he presence of limiter prevents establishment 
of large electric field.
O O I T Y * SHOTS 571-372
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Figure 4. The vertical electric field (EFVT) and plasma cunent in early phase of ADITYA shot 
#571 and #572. The lower left and right figures show that dE/dt is proportional \o Ip.
S. Conclusion
From the experimental observation it is deduced that the value of B JBf is (2 - 4) x 10’^  in 
ADITYA. The resultant convective loss of electrons is « 1000 times more than the loss 
expected from Bohm diffusion alone. In the initial phase of the discharge is dominated by 
radially outward convection of electrons.
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